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We report the results of the angular-dependent magnetoresistance oscillations (AMROs), which
can determine the shape of bulk Fermi surfaces in quasi-two-dimensional (Q2D) systems, in a highly
hole-doped Fe-based superconductor KFe2As2 with Tc ≈ 3.7 K. From the AMROs, we determined
the two Q2D FSs with rounded-square cross sections, corresponding to 12% and 17% of the first
Brillouin zone. The rounded-squared shape of the FS cross section is also confirmed by the analyses
of the interlayer transport under in-plane fields. From the obtained FS shape, we infer the character
of the 3d orbitals that contribute to the FSs.
PACS numbers: 71.18.+y, 71.27.+a, 74.70.-b
Superconducting mechanism of the newly discovered
Fe-based superconductors (the maximum transition tem-
perature Tc of about 55 K) has attracted much attention
in recent years[1–3]. The Fermi surface (FS) topology is
an essential constraint on the possible mechanism, so that
its determination has particular importance. Especially
the bulk FS property is crucial because superconductivity
is a bulk electronic state. Fe-based superconductors have
two-dimensional (2D) square lattices of the Fe ions, and
consequently, the quasi 2D electronic structures. Accord-
ing to the band calculations[4, 5], the conduction bands
mainly consist of almost degenerate five 3d orbitals of the
Fe ions: multiple FSs exist. Experimentally, considerable
efforts to probe the FSs of the Fe-based superconductors
have been made by various techniques, such as quantum
oscillations (de Haas-van Alphen (dHvA) or Shubnikov-
de Haas (SdH) effects) and angle-resolved photoemission
spectroscopy (ARPES)[6–8]. Quantum oscillation mea-
surements enable us to probe the FSs accurately. How-
ever, the measurements cannot determine the shape of
the FS cross section and the position in the momentum
space. On the other hand, ARPES can determine the
band structure and the FSs directly. However, ARPES
is a surface probe, so that the results do not necessar-
ily reflect the bulk properties of the material[7]. For
low-dimensional systems, the angular-dependent magne-
toresistance oscillation (AMRO) can also be a power-
ful tool to investigate the FSs[9–11]. This method is a
bulk probe, as well as the quantum oscillations, and can
clearly determine the FS cross sectional shape of the Q2D
FSs.
[Ba(1−x)Kx]Fe2As2 (x=0-1) is one of the most studied
series among the Fe-based superconductors.The parent
compound BaFe2As2 (x=0) has a structural transition
around 140 K and no superconducting transition is ob-
served. The superconductivity is induced by K substitu-
tion (hole doping) with x>0.1, and the highest Tc of 38
K is obtained for x=0.4-0.5[12, 13]. The superconduct-
ing gap symmetry of the nearly optimally doped samples
have been investigated by ARPES, microwave penetra-
tion depth, nuclear magnetic resonance, and specific heat
measurements. These studies suggest that the optimally
doped sample is essentially a full gap superconductor
with different gap amplitudes at the multiple FSs[14–19].
The extremely hole-doped sample, KFe2As2 (x=1), also
shows superconductivity with Tc of about 3.5 K[12, 13].
In spite of the same crystal structure, it is proposed that
KFe2As2 is a nodal multi-gap superconductor[17, 21].
These results apparently show that the FS structures and
characters (electron or hole pockets), play a crucial role
in the symmetry of the order parameter and probably
the mechanism as well. The detailed knowledge of FS
structures would lead to the overall understanding of the
superconductivity in the Fe-based superconductors.
Single crystals of KFe2As2 were synthesized by a flux
method using K as a flux. The resistivity measurements
were performed by a standard four-contact method with
ac current of 0.1 mA-2 mA. Four 10 µm Au wires were
attached with silver paint on the cleaved sample surfaces
[see Fig. 1(b)].
Figure 1(a) shows the temperature dependence of
the c-axis resistivity. The residual resistance ratio
(RRR=ρ(300 K)/ρ(5 K)) amounts to about 300. This
value is much higher than the previously reported value
(∼90)[22], indicating the higher quality of the sample.
The superconducting transition temperature is 3.7 K [in-
set of Fig. 1(a)]. At 1.6 K, the superconducting state is
broken by an external magnetic field of about 1 T, per-
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FIG. 1: (color online). (a)Temperature dependence of the
c-axis resistivity of KFe2As2. The large residual resistance
ratio (RRR≈300) shows the high quality of the present sam-
ple. The superconducting transition temperature is about 3.7
K (inset). (b)Schematic figure of the contact configuration
(top) and definition of the magnetic field angles θ and φ (bot-
tom). (c) θ dependence of the magnetoresistance (MR) in
various magnetic field strength for T=1.6 K and φ=-5◦. Two
important features are evident: small peaks at θ = ±50◦ and
large peaks at θ = ±90◦. The small peaks are ascribed to
AMROs arising from the geometrical effect of the Q2D FSs
on the quasiparticle motion. The large peaks are ascribed to
occurrence of small closed orbits on the side of Q2D FS and
indicate coherent interlayer electron transport.
pendicular to the conducting plane (ab-plane). Figure
1(c) shows the θ dependence of the c-axis MR in various
fields at 1.6 K and φ=-5◦. The definition of the mag-
netic field angles θ and φ are shown in the figure 1(b).
We note two important features: small peaks at ±50◦
and large peaks at ±90◦. The small peak positions do
not depend on the field strength, showing that the ob-
served peak structures originate not from the quantum
oscillations such as SdH oscillations but from AMROs.
The large peaks at ±90◦ will be discussed later. Super-
conducting transition is evident below 4T near θ = ±90◦
because of the high upper critical field parallel to the lay-
ers. Figure 2 shows the θ dependence of the c-axis MR
with various azimuth φ, and similar peak structures are
clearly observed.
AMRO in a Q2D system is interpreted in terms of
Boltzmann transport theory taking into account the
quasiparticle trajectories across the corrugated cylindri-
cal FS in tilted magnetic fields. As the field is tilted, the
quasiparticle group velocity along the interlayer direc-
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FIG. 2: (color online). θ dependence of the MR at various φ.
Each trace is shifted along the vertical axis for clarify.
tion (c-axis for KFe2As2) averaged over the orbits pe-
riodically disappears, which gives interlayer resistance
peaks. The resistance peak angles have a relation tanθ =
pi(n−ξ)/[c′kF (φ)] (n = 1, 2, 3..), [11] where c′, kF (φ), and
ξ are the layer spacing, the Fermi wave number in the
conducting plane, and the ”phase factor”, respectively.
The phase factor ξ is 1/4 if the FS warping along the least
conducting direction is given by a simple cosine curve,
and is isotropic in the layer. In general, ξ has different
values depending on the higher order corrugation of the
Q2D FS. Actually, various phase factors between 0.2 and
0.9 are observed in several Q2D systems[23]. However,
the period of the AMRO peaks as a function of tanθ,
∆(φ) is not affected by ξ,
∆(φ) = pi/[c′kF (φ)]. (1)
This relation directly gives the Fermi wave number kF (φ)
from ∆(φ). The c-axis MR and the second derivative
curve (−d2ρc/dθ2) vs tanθ for φ = −5◦, −20◦, and−50◦
at 1.6 K and 15 T are in Figure 3(a). In the derivative
curve, the five peaks are observed. Among them, rela-
tively large peaks denoted by B1, B2, and B3 are periodic
with tanθ, so that they can be ascribed to the AMRO of
a same Q2D FS cylinder. For the other small peaks (A1
and A2), we assume that they originate from another
Q2D cylinder. Consequently, we obtain two Q2D FSs
from the A and B series, whose polar plots of kF (φ) are
shown in the Fig. 3(b). Here, we take c’=c/2=6.935 A˚
because the unit cell contains two layers. We note that
the cross sections of the two FSs have rounded-square
shape with large kF along the ka-axis. The cross sec-
tional areas are about 12 and 17% of the first Brillouin
zone (FBZ). Because of the small numbers of the AMRO
peaks and the broad ones, the accuracy of the peak pe-
riod is rather limited: we estimate the error in kF to be
∼ ±10% and hence that of the FS areas to be ∼ ±20%.
The rounded-square shapes of the FSs are also confirmed
by the φ dependence of the resistance for θ = ±90◦ [Fig.
4(a)]. A theoretical analysis[24] indicates that, when the
3magnetic field is parallel to the conducting layers, dom-
inant contributions to interlayer conductivity come from
the FS parts where the Fermi velocity is parallel to the
magnetic field. The resistance is therefore expected to
take minima at φ = 45◦ in the case of the FSs shown in
Fig. 3(b), which is indeed observed experimentally.
The observed total volume (12 + 17%) is smaller than
the expected one (50%) from the carrier concentration:
there exists a missing FS, whose AMRO amplitude is
quite small by some reason. The necessary condition for
the AMRO observation is roughly ωcτ >1, where ωc and
τ are the cyclotron frequency and the scattering time,
respectively. Since ωc is inversely proportional to the
effective mass mc, the missing FS likely has large mc
and/or shorter τ .
The initial ARPES study reported two Q2D FSs, α and
β, around the Γ, whose cross sections were 7 and 22% of
the BZ, respectively [8]. A more recent study [27] has
revealed that the α FS is actually quasi-degenerate. The
obtained cross sections are 10.1, 11.8, and 28.5% of the
BZ for the inner and outer FSs of the quasi-degenerate
α and the β FSs, respectively. Our dHvA study has also
found two Q2D FSs, α and ζ, with the cross sections of
8.4 and 13% of the BZ [29]. They correspond to the in-
ner and outer FSs of the quasi-degenerate α FS. Effective
masses of electrons on these FSs are in a range from 6
to 18me. The size of the unobserved β FS is calculated
to be 24% of the BZ, and with the help of single crys-
tal specific heat data [28], the associated effective mass
can be estimated to be 18me on average, heavier than
the average masses of α and ζ (6.3me and 13me, respec-
tively). Considering the 20% error of the present area
estimations, we identify the presently observed two FSs
with the α and ζ FSs of the dHvA studies.
In the above AMRO analyses, the presence of Q2D FSs
is tacitly assumed, where the quasiparticles coherently
move in any directions. However, a theoretical investiga-
tion reveals that the AMRO is observed even when the
interlayer transfer is weakly incoherent: the electrons are
scattered more frequently than they tunnel between the
layers[25]. One of the decisive tests for the interlayer co-
herent transport is the observation of the interlayer MR
peak with field-independent peak width δθ under suffi-
ciently high fields parallel to the layers[26]. Figure 4(b)
shows the first derivative curves of the c-axis MR around
θ = −90◦. The peak widths of the MR curves, which are
defined as peak-to-peak widths in the first derivatives
(indicated by the dashed lines), are almost field indepen-
dent. The similar features are observed at any azimuths
φ. The results clearly lead to the conclusion that the
interlayer transport is coherent in KFe2As2. The peak
width δθ is proportional to interlayer transfer integral tc
as follows[26],
δθ ≈ 2kF tcc′/EF , (2)
where EF is Fermi energy. From Eq.2, we obtain
tc/EF ≈ 0.03 for δθ = 6◦. Such small tc/EF is con-
sistent with the two dimensionality of the α and ζ orbits.
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FIG. 3: (color online). (a) Magnetoresistance (left axis) and
the second derivative curve (right axis) as a function of tanθ
at 1.6 K for B=15 T and φ = −5◦, −20◦, −50◦. Relatively
large and periodic peaks (B1, B2 and B3) can be ascribed to
the AMRO of a same Q2D FS cylinder, and small peaks (A1
and A2) likely to another. (b) Polar plot of the Fermi wave
number (kF (φ)) obtained from ∆A and ∆B (see (a) in this
figure). We used Eq. 1 and c′ = c/2 = 6.935 A˚ to calculate
kF (φ). To obtain kFB(φ), we only use the peak positions of
B1 and B2 because they are much clearer than B3. Solid and
dashed lines show the calculated results with the equation
kna + k
n
b = r
n. The best fits were obtained when r=0.41
A˚
−1
, n=1.5, and r=0.33 A˚−1, n=1.7 for kFA(φ) and kFB(φ),
respectively. The cross sections correspond to about 12 and
17% of the FBZ, respectively.
Indeed, from the dHvA results[29], the tc/EF estimated
for the α and ζ orbits are 0.01 and 0.1, respectively.
At present, no first principle band calculation can rea-
sonably reproduce the precise topology of the FSs of
KFe2As2. However, the rounded-square shape of the FSs
can be partially understood by a tight binding approxi-
mation of the Fe 3d orbitals. Because of the ligand field of
the Fe ions, the two kinds of 3d orbitals dXZ and dY Z are
doubly degenerated. Here, we have defined the orthogo-
nal nearest neighbor Fe-Fe directions as X and Y direc-
tion, respectively. Since the dXZ (dY Z) orbitals overlap
along the X (Y ) direction much more than along the Y
(X) direction, they would form a quasi-one-dimensional
FS perpendicular to the X (Y ) direction if hybridization
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FIG. 4: (color online). (a) φ dependence of the interlayer re-
sistivity in inplane field. The maxima at φ = 0◦,±90◦ and
minima at φ = ±45◦ are consistent with the rounded square
shape of the FSs shown in Fig. 3(b)[24]. (b) The first deriva-
tive curves of c-axis MR around θ = −90◦ at different fields
for φ = −5◦. The peak width of the MR, defined as the peak-
to-peak width of the derivative, (shown by dashed lines) is
almost independent of field.
between the dXZ and dY Z orbitals neglected. When the
hybridization is turned on, a rounded-squared shape FS
would result around the Γ point. The 3d orbitals, elon-
gated in the interlayer direction, would give relatively
large transfer integral in the interlayer direction. This is
consistent with the coherent interlayer transport.
In order to understand the mechanism of the high Tc of
the Fe-based superconductors, theories on strongly cor-
related electrons (beyond BCS theory) are apparently re-
quired. A possible mechanism is antiferromagnetic (AF)
fluctuation between the different FS pockets as has been
discussed in many literatures, e.g., [30–32]. The AF fluc-
tuation is more enhanced in low dimensional electronic
structure, because it is closely related to the nesting in-
stability of the FS. Our data show the presence of mul-
tiple Q2D FSs with rounded square cross sections. Con-
sequently, the FSs have rather flat parts, which make
the nesting instability high. These results are reason-
ably consistent with many theories, which argue that the
AF fluctuation plays a crucial role in the superconduc-
tivity mechanism of the Fe-based superconductors. In
KFe2As2, the main FSs are located at the Γ point [8, 27].
When the AF fluctuation between the flat part of the
same main FS and/or the different ones is the dominant
mechanism of the superconductivity, we expect the pres-
ence of the line node of the order parameter, which is
consistent with the specific heat and the thermal con-
ductivity measurements [17, 21].
In conclusion, we have determined the FSs in an ex-
tremely hole doped Fe-based superconductor KFe2As2 by
a bulk probe, AMROs measurements. From the two se-
ries of the AMROs, two Q2D FS cylinders are derived,
whose cross sectional areas correspond to 12 and 17% of
the FBZ. Both the cross sections have a rounded-square
shape with the long axes along the ka and kb directions.
This can be partially understood in terms of the hy-
bridization of the Fe dXZ and dY Z orbitals. The char-
acter of the orbitals suggests some finite amount of the
interlayer hybridization. It is consistent with the observa-
tion of the sharp peaks in the interlayer resistance under
the in-plane field: the interlayer transport is coherent.
So far agreement between experimental and theoretical
FSs in the iron pnictides is rather limited [6, 29], and the
roles of the electronic correlations are under debate[33–
35]. The present determination of the FS shapes with
suggestion of the mainly contributing orbital characters
will help our understanding of electronic structures and
the superconducting mechanisms in the iron pnictides.
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